Intracellular levels of coenzyme A (CoA) and its derivatives involved in the metabolic pathways for Clostridium acetobutylicum ATCC 824 were analyzed by using reverse-phase high-performance liquid chromatography (HPLC). During the shift from the acidogenic to the solventogenic or stationary growth phase, the concentration of butyryl-CoA increased rapidly and the concentrations of free CoA and acetyl-CoA decreased. These changes were accompanied by a rapid increase of the solvent pathway enzyme activity and a decrease of the acid pathway enzyme activity. Assays with several non-solvent-producing mutant strains were also carried out. Upon entry of the mutant strains to the stationary phase, the butyryl-CoA concentrations for these mutant strains were comparable to those for the wild type even though the mutants were deficient in solvent-producing enzymes. Levels of acetoacetyl-CoA, 13-hydroxy-butyryl-CoA, and crotonyl-CoA compounds in both wild-type and mutant extracts were below HPLC detection thresholds (<21 ,uM).
The anaerobic spore-forming bacterium Clostnidium acetobutylicum is well known as a biological producer of acetone, ethanol, and butanol, all solvents of industrial interest (16) . In batch culture, the typical acetone-butanol fermentation can be divided into two distinctive phases. In the acidogenic phase, the organism grows rapidly and produces acetate and butyrate, with the decrease in the pH of the medium resulting from the acid accumulation. In the solventogenic phase, the organism grows slowly and produces acetone, butanol, and ethanol, with the pH in the medium increasing slightly because of the acid reassimilation (6, 10, 24) . The shift to solvent production is associated with the induction of solventogenic enzymes and a decrease in the activity of acidogenic enzymes (1, 10) .
Although many investigators (7, 21, 22, 27, 32) have studied the biochemistry of acetone-butanol fermentation, the detailed mechanisms which control the shift to the solvent formation are not well understood. Significant progress on the analysis of the enzyme activities and internal pH involved in the clostridial pathway has been reported (4, 8-15, 17, 18, 20, 25-31) . However, only recently have the in vivo levels of intermediate metabolites and cofactors, which may play an important role in enzyme regulation, been studied (9) .
From the metabolic pathways related to the solventproducing clostridia, it is clear that different coenzyme A (CoA) derivatives (acetyl-CoA [Ac-CoA], acetoacetyl-CoA [AcAc-CoA], P-hydroxyl-butyryl-CoA, crotonyl-CoA, and butyryl-CoA [Bu-CoA] ) are key intermediates in the metabolism of this organism. The metabolic fate of these compounds may directly affect the product pattern of the fermentation (4, 5, 16 CoA and the various acyl-CoA derivatives were made up as 5 mM stock solutions in a 100 mM sodium phosphate buffer (pH 3.0) and stored at -80°C. Stock solutions prepared in this way were stable for at least a month.
Strains and culture conditions. The wild-type strain was C. acetobutylicum ATCC 824. Mutants 2BBD, M5, and 2BBR were isolated and described previously by Clark et al (3) . Mutants 34, 4145, 1013, and 6a5 were Tn916 mutants prepared as described previously by Sass and Bennett (23) . Maintenance of these organisms, including preparation of the medium, inoculation, heat shocking, and anaerobic growth, have been described previously (3, 23) .
Method of culture preparation. Strains were grown anaerobically in 600 ml of reinforced soluble medium (RSM) (3) at 37°C. The pH was not controlled. Samples were taken at 2-to 4-h intervals to obtain data corresponding to the maximal solvent-producing stage. The appropriate harvest time was determined initially by measuring pH and A600. Samples were centrifuged at 19,000 x g for 20 min at 4°C, the supernatants were analyzed for solvent production by the nitroblue tetrazolium method (3), and the pellets were resuspended in the cold soluble medium and centrifuged at 34,000
x g for another 20 min at 4°C. No significant loss of metabolite levels was observed with this second step, which allowed better chromatographic separations. The pellets were immediately powdered in a porcelain mortar and pestle cooled to -80°C with liquid nitrogen. The frozen powder was stored at -80°C until required.
Methods of enzyme assays. Cell extracts were prepared as described previously (3) except that the protein concentration was measured by the method of Bradford (2) Recovery of added standard CoA compounds was accomplished as follows. Either a 100-,u standard CoA mixture or the 100 mM NaH2PO4 (pH 3.0) solution was added to a centrifuge tube and cooled to liquid-nitrogen temperature. A 0.4-g amount of frozen powder was then added to the tube and extracted with 0.8 ml of ice-cold 6% PCA as described above. The resulting aliquot was analyzed in the HPLC. Each sample was run at least twice in the HPLC.
Four different samples from wild-type Clostridium cultures were extracted, and the recoveries were calculated. The percent recovery for free CoA was found to be a mean of 95% with a +3% standard deviation; the other recoveries were 97% + 18% for Ac-CoA, 81% + 6% for AcAc-CoA, 93% + 2% for 3-OH-butyryl-CoA, 82% + 3% for crotonylCoA, and 89% ± 13% for Bu-CoA.
Determination of biomass concentration. Biomass concentration of the culture broth was measured by reading the optical density at 600 nm (OD600) and converting the readings to concentrations in grams (wet weight) per liter by using a mass extinction coefficient of 0.89 ± 0.03 liter g-' cm-'. The mass extinction coefficient was determined by measuring the actual biomass concentration and the corresponding OD60 under various conditions. Intracellular and extracellular aqueous space measurement. To measure the intracellular volume at various times during the batch fermentation, a 5-ml cell suspension was incubated anaerobically in a 15-ml disposable tube at 37°C in the incubator, with 1 ,uCi of ["4C-carboxyl]dextran (American Radiolabeled Chemicals Inc., St. Louis, Mo.) and 10 ,uCi of 3H20 (New England Nuclear, Boston, Mass.) added to the assay. Dextran was used for the measurement of the extracellular water volume of the pellets and had a final concentration of 0.142 g/liter and a radioactivity of 1.4 mCi/g. Tritium water (i.e., 3H20) was used for measuring the total aqueous space in the pellet and had a final concentration of 110.7 mM (18.0 mCi/mol). The intracellular aqueous volume for the growing cells in their growth medium was determined by subtracting the extracellular space occupied by dextran from the total aqueous space (13, 14, 25) . On the basis of 12 independent measurements each, the intracellular aqueous volumes of the acid-phase, solvent-phase, and late-solventphase cells are 0.21 -0.01, 0.36 + 0.02, and 0.45 ± 0.02 ml/g (wet cell), respectively. After centrifugation, neutralization, and filtration to separate out unwanted cell debris, the aliquot was analyzed by HPLC while a 10-,ul injection volume was maintained. The total amount of a measured CoA compound was determined from the expression CJ(0.8 + 0.4 V,)/0.4 g, or CJ(2 + Vi), expressed in nanomoles per gram (wet weight), where C, is the concentration of a specific CoA compound, which was derived from the HPLC. The intracellular concentration is therefore CJ(2 + V,)1Vi, expressed in micromolar.
RESULTS
Chromatography. A standard solution of all of the CoA compounds involved in the clostridial pathway was separated to a useful degree in 40 min by reverse-phase chromatography (Fig. 1A) . CoA and its derivatives were distinctly separated while maintaining the baseline approximately level, thereby allowing for more accurate quantification of CoA compounds.
The typical chromatograms of PCA extract from a C. acetobutylicum wild-type solventogenic culture and a mutant culture are shown in Fig. 1B Table 2 . Cultures were judiciously harvested during the early stationary phase. Cultures harvested past this point were difficult to sonicate and therefore could lose their enzyme activity quickly; the CoA compound levels would also decrease rapidly. DISCUSSION The production of solvents by using clostridia is well known, but the initiation mechanisms for the switch to solvent production are still being widely studied. Current hypotheses proposed for the triggering mechanism that cause the shift from the acid to the solvent production phase involve the regulation of catalytic pathways in response to the cellular concentrations of intermediates (5, 8) . (Table 1) . compared with those of various mutant cultures at the onset Recent data from Grupe and Gottschalk (9), who used a of the stationary phase. These mutants are either noncontinuous culture of C. acetobutylicum DSM 1731, show solvent-producing strains (1013, 6a5, 4145, and M5) or are that, during the shift, contrary to the expected positive reduced-solvent-producing strains (2BBD and 34) because pattern (first increase and then decrease) for Ac-CoA and they lack the solvent-producing enzymes mentioned above. Bu-CoA, a negative (first decrease and then increase) pattern From these results (Table 2) , it can be seen that the mutants for CoA, Ac-CoA, and Bu-CoA was observed. Results generally exhibit reduced BDH levels and no CoA transherein showed a similar negative pattern of CoA and Acferase or BAD activity. However, these mutants can proCoA compared with their results. However, during the shift, duce Bu-CoA concentrations comparable to, or even higher, a consistent increase in Bu-CoA concentration was detected, than those for wild-type cultures, possibly because the until the highest level of 1,000 ,uM was observed (Table 1) .
higher levels of butyrate cannot be reassimilated. This discrepancy may result from the differences in the mode The main advantage of knowing the concentrations of of the culture growth (continuous versus batch) and the metabolic intermediates is that, after comparing the kinetic culture operation. The batch cultures are in less-steady-state and physiological properties of the enzymes involved, the conditions than continuous cultures; therefore, some traninfluence of the metabolite in regulating a specific reaction sient effect may not be observed.
can be evaluated. Those enzymes which react with the CoA derivatives are indicated in Fig. 2 , along with the Kms for the purified enzymes. Except for 0-hydroxybutyryl-CoA dehydrogenase (BHBD), which was purified from Clostridium butylicum NRRL B593 (4), all other noted enzymes are derived from C. acetobutylicum (usually ATCC 824) (20, (27) (28) (29) (30) .
The measured intracellular concentrations of CoA, AcCoA, and Bu-CoA (Table 1) were generally above 100, 316, and 512 ,uM, respectively. These values are sufficient to allow maximal flux through the BAD and acetaldehyde dehydrogenase reactions for which the Km values of 55 ,uM for Bu-CoA and 45 ,uM for Ac-CoA were determined (20) . These values should also be able to nearly saturate the PTB reaction, for which a Km value of 110 ,uM for Bu-CoA in the forward direction was reported (29) . In fact, a change in internal pH may be an important factor in the regulation of the PTB reaction (29) . Within the physiological pH change from 5.5 to 7, the internal pH range for typical fermentations (12) , the PTB activity decreases significantly in the forward direction as pH decreases and shows virtually no activity below a pH of 6 (29) . Therefore, the level of Bu-CoA is not seen as an important regulating factor for PTB activity, as suggested previously (29) .
In the condensation reaction with thiolase, the Km value for Ac-CoA had been determined to be 270 ,uM, and the thiolase activity was found to be inhibited by even micromolar levels of free CoA (28) . Under these conditions, the intracellular CoA levels should be very inhibitory to this reaction, and the Ac-CoA would still be below a saturating Three of the CoA derivatives involved in the metabolic pathways, namely, AcAc-CoA, 3-OH-butyryl-CoA, and crotonyl-CoA, were not detected. It was known that these compounds are unstable, and thus several extractions with externally added CoA compounds were carried out to check the reproducibility and recoverability of the extraction and assay procedures. From four different samples, the recoveries of AcAc-CoA, ,B-OH-butyryl-CoA, and crotonyl-CoA were 81, 93, and 82%, respectively. On the basis of these recoveries, the corresponding intracellular concentrations of AcAc-CoA, ,-OH-butyryl-CoA, and crotonyl-CoA should be less than 21, 11, and 10 ,uM. The enzymes which react with these CoA derivatives, except Bu-CoA dehydrogenase, have been purified from either C. acetobutylicum (i.e., CoA transferase and crotonase [27, 30] ) or C. butylicum (i.e., BHBD [4] ), and the Km values are shown in Fig. 2 . In the crotonase reaction, the Km value for the product crotonylCoA was 30 ,uM, and the enzyme was reported to be sensitive to levels of crotonyl-CoA above those observed here. However, the Km value for 3-OH-butyryl-CoA was not determined (27 
